INTRODUCTION
============

The long terminal repeat (LTR)-retrotransposon Ty1 is a mobile genetic element that replicates through an RNA intermediate and shares several important structural and functional characteristics with retroviruses \[see reviews ([@gks983-B1; @gks983-B2; @gks983-B3])\]. These include packaging of a dimeric RNA genome tethered by a non-covalent linkage and sequestration of a host-coded tRNA (initiator methionyl-tRNA: tRNA-Met~i~) that primes minus-strand DNA synthesis within a virus-like particle (VLP) ([@gks983-B4; @gks983-B5; @gks983-B6]). VLPs comprise a Gag-like structural protein and the *POL*-encoded enzymes protease, reverse transcriptase (RT) and integrase (IN), required for particle maturation, replication and integration of the resulting duplex DNA into the yeast genome, respectively. However, Ty1 elements differ from retroviruses in several important respects. Ty1 VLPs lack an envelope protein and are not infectious. Ty1 Gag shows no obvious sequence homology with its retroviral Gag counterparts, although it displays RNA chaperone activities reminiscent of the nucleocapsid protein (NC) ([@gks983-B7]). Also, Ty1 Gag is not processed to form the characteristic retroviral Gag proteins matrix, capsid and NC.

Retroelement genomic transcripts contain internal structures fundamental to gene expression and propagation. Prominent among these are motifs required for programmed ribosomal frameshifting, initiation of reverse transcription and packaging of dimeric RNA into particles. The diversity of priming strategies among LTR-retrotransposons includes tRNA-independent self-priming in Tf1 of *Schizosaccharomyces pombe*, priming from an internal site of tRNA in *copia* of *Drosophila melanogaster* or bipartile primer binding site (PBS) sequences separated by ∼4800 nt in Ty3 \[reviewed in ([@gks983-B8])\]. Retroviruses typically have a PBS of 18 contiguous nt complementary to the 3′ acceptor stem of their cognate tRNA primer that extends into the TΨC arm ([@gks983-B9]). Additional interactions between the tRNA primer and the PBS region of Rous sarcoma and human immunodeficiency virus (HIV) also contribute to efficient minus-strand synthesis ([@gks983-B10; @gks983-B11; @gks983-B12]). The PBS region of Ty1 contains only 10 contiguous nt complementary to the 3′-acceptor stem of initiator tRNA-Met~i~ ([@gks983-B13],[@gks983-B14]). However, extensive regions of complementarity with additional segments of the tRNA adjacent to the PBS may help position the tRNA for efficient priming. A long-range interaction between a region (Complementary sequence: CYC5) adjacent to the extended PBS with sequences near the 3′-end of genomic RNA (CYC3) is also required for reverse transcription and transposition ([@gks983-B15]).

Dimerization and packaging of retroviral RNA has been intensively studied using genetic, biochemical and structural approaches \[reviewed in ([@gks983-B16])\]. HIV-1 RNA seems to be selectively packaged as a dimer, and genome dimerization and packaging are mechanistically coupled ([@gks983-B17]). Elements required for these processes are located in the highly structured 5′-untranslated region (UTR). The dimer initiation site (DIS) is a conserved hairpin with a palindromic (PAL) sequence at its apex allowing two RNA molecules to interact through a 'kissing-loop'. The organization and complexity of the packaging region (Ψ-site) differs among retroviruses ([@gks983-B16]). For HIV-1, efficient packaging requires 5′-UTR and possibly extends into *GAG* coding sequence ([@gks983-B18],[@gks983-B19]).

Little is known about how Ty1 or other LTR-retrotransposons package their genomic RNA. The Ty1 5′-UTR comprises only 53 nt, and mini-Ty1 elements of ∼0.5 kb support retrotransposition when co-expressed with a helper element ([@gks983-B20],[@gks983-B21]). Mutations isolated in these truncated elements block the use of RNA for retrotransposition. However, other than the PBS region and short sequences at the 5′-end of the RNA that anneal with downstream partners ([@gks983-B15],[@gks983-B20]), the regulatory sites remain undefined. Structural information on Ty1 RNA is available only for the PBS region of ∼140 nt *in vitro*([@gks983-B13]), and the proposed structure is inconsistent with mutational data ([@gks983-B15]).

Multiple Ty1 antisense (AS) RNAs are transcribed from a region containing sequences required for copy number control (CNC) and *cis*-acting signals required for Ty1 mobility ([@gks983-B22],[@gks983-B23]). AS transcript I (∼900 nt) and II (624 nt) have been characterized. These transcripts associate with VLPs and dramatically reduce the level of mature IN and, to a lesser extent, the level of additional Ty1 proteins. The Ty1AS RNAs act stoichiometrically to confer CNC, as they inhibit transposition in a dose-dependent manner, and *Saccharomyces* lacks the machinery for RNA interference ([@gks983-B24]). However, whether AS transcripts inhibit retrotransposition by annealing with genomic RNA, which would affect RNA-interactions required for replication, or antagonize VLP protein function is unclear.

Here, we explore the structure of Ty1 RNA in different biological states using selective 2′-hydroxyl acylation analysed by primer extension or SHAPE ([@gks983-B25; @gks983-B26; @gks983-B27]) \[also see a recent review on the advantages and limitations of SHAPE ([@gks983-B28])\]. Our results suggest a coherent structure of the PBS region that incorporates mutational and additional RNA interactions and identifies candidate motifs that may be important for dimerization and packaging. Finally, we do not find evidence for annealing of AS RNAs with genomic RNA in VLPs, suggesting the novel possibility that the AS RNAs compromise Ty1 protein function.

MATERIALS AND METHODS
=====================

VLP isolation and characterization
----------------------------------

VLPs isolated from ∼50 l of YEM524 (CNC−) or YEM525 (CNC+) were pooled for SHAPE analysis. Cells were grown in 4--6 l batches and fractionated as previously described ([@gks983-B23],[@gks983-B29]). To monitor consistency of each VLP preparation, the level of Gag, IN and RT activity was determined by immunoblotting and an exogenous RT assay with added primer/template ([@gks983-B30]). CNC− and CNC+ VLPs were also analysed for reverse transcription intermediates that result from endogenous synthesis *in vitro* ([@gks983-B4],[@gks983-B6]). Endogenous tRNA labelling was performed similar to the endogenous synthesis *in vitro*, but in the presence of a subset of nucleoside triphosphates (NTPs).

RNA analyses
------------

RNA was extracted from VLPs as described previously ([@gks983-B23]). Estimating the amount of Ty1 AS and genomic RNA present in VLPs by northern hybridization is described in the [Suplementary Materials and Methods](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1) section. Ty1 RNA packaging during VLP assembly was monitored by benzonase sensitivity ([@gks983-B31],[@gks983-B32]). RNA protection assays were performed in triplicate from independent cultures. RNA transcripts were synthesized with the SP6-MEGAscript (Life Technologies, Carlsbad, CA, USA) following the manufacturer's protocol. BamHI-cleaved pJef953 (kindly provided by Jef Boeke) was used as template. The template for the tRNA-Met~i~ mimic was obtained by polymerase chain reaction using overlapping oligonucleotides. RNA was recovered by LiCl precipitation.

*N*-methyl isatoic anhydride modification of VLPs
-------------------------------------------------

Concentrated samples of purified CNC− or CNC+ particles (500 µl) in VLP storage buffer (20 mM of HEPES pH7.6, 140 mM of KCl, 0.5 mM of ethylenediaminetetraaceticacid (EDTA) and 10% of glycerol) were treated with NMIA (*N*-methyl isatoic anhydride; 50 µl, 100 mM in DMSO) or DMSO alone (50 µl) for 45 min at 37°C.

Extraction of Ty1 genomic RNA from NMIA-modified particles
----------------------------------------------------------

VLP samples (550 µl) were incubated with 67.5 µg of proteinase K (Novagen-Merck KGaA, Darmstadt, DE) in extraction buffer \[50 mM of Tris--HCl (pH 7), 10 mM of EDTA, 100 mM of NaCl and 1% sodium dodecyl sulphate\] for 30 min at 37°C. Nucleic acids were purified by three extractions with phenol/CHCl~3~, followed by precipitation with LiCl and washing with 70% ethanol. Samples were dissolved in DNase I solution (Life Technologies, Carlsbad, CA, USA) and were treated with 1 µl of DNase I at 37°C for 30 min. RNA was phenol/CHCl~3~ extracted (3×), CHCl~3~ extracted (3×), precipitated with LiCl and rinsed with 70% ethanol. RNA was resuspended in 25 µl of 5 mM of Tris--HCl pH7.0, 0.5 mM of EDTA and was stored at −80°C until use.

NMIA treatment of Ty1 RNA from VLPs
-----------------------------------

VLPs were treated with proteinase K and DNase I as described previously. Deproteinized genomic RNAs were resuspended in folding buffer (50 mM of Tris pH 8, 250 mM of KCl and 5 mM of MgCl~2~) and equilibrated at 37°C for 10 min. RNA was divided equally between two tubes, and DMSO or NMIA (final concentration 1 mM) were added. The modification reaction was allowed to proceed for 45 min at 37°C and was terminated by ethanol precipitation. Modification of *in vitro* transcript, detection of 2′-*O*-adducts and data processing are described in the [Supplementary Materials and Methods and Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1).

RESULTS AND DISCUSSION
======================

Characterization of the model system
------------------------------------

VLPs were isolated from closely related *Saccharomyces* strains containing low (CNC−) or high levels of Ty1AS RNAs (CNC+) and a *GAL1*-promoted Ty1 element integrated into the genome ([@gks983-B23]). To study the structures of genomic RNAs in either context, it was necessary to establish that these RNA populations were structurally homogenous, as the presence of replication intermediates that alter RNA structure would complicate the analysis. Endogenous reverse transcription reactions were conducted with CNC− and CNC+ VLPs in the presence of the full complement of dNTPs ([@gks983-B30]). No minus-strand strong stop (−ssDNA) or plus-strand strong stop (+ssDNA) intermediates and low amounts of longer reverse transcription products were detected in CNC+ VLPs ([Figure 1](#gks983-F1){ref-type="fig"}A). The absence of full-length cDNA was demonstrated previously ([@gks983-B23]), where the inability to reverse transcribe Ty1 RNA in CNC+ VLPs was attributed to a low level of mature IN, whose association with RT is required for reverse transcription *in vivo* ([@gks983-B33],[@gks983-B34]). We also confirmed that although CNC+ VLPs lack IN, they contain active RT when supplemented with an exogenous primer/template ([@gks983-B23]). Productive endogenous reverse transcription was observed in CNC− VLPs, with −ssDNA, +ssDNA and longer reverse transcription products detectable in significant amounts ([Figure 1](#gks983-F1){ref-type="fig"}A). Treatment of reaction products with NaOH revealed the presence of a shorter −ssDNA product, demonstrating that tRNA-Met~i~ is hybridized with the PBS, and Ty1 genomic RNA in CNC− VLPs is poised to initiate reverse transcription. Figure 1.Analysis of endogenous reaction products from Ty1 VLPs. (**A**) Endogenous reverse transcription in CNC− and CNC+ VLPs (VLP amount decreasing from left to right). M: mass markers, and OH: NaOH treatment after reverse transcription (CNC− VLPs, intermediate amount). (**B**) Products of endogenous reverse transcription in CNC− VLPs in the presence of limiting dNTPs. A, G, T corresponds to the type(s) of dNTP (\[α-^32^P\]-labelled and unlabelled) present in the reaction mixture. (**C**) Plots of NMIA reactivity of Ty1 ribonucleotides in and around the PBS obtained from CNC− (red) and CNC+ (black) VLPs.

To evaluate whether tRNA-Met~i~ in CNC− VLPs is extended, we conducted endogenous reactions in the presence of a subset of dNTPs ([Figure 1](#gks983-F1){ref-type="fig"}B). No products were detected in reactions in which only dATP, dGTP or both deoxynucleotides were included ([Figure 1](#gks983-F1){ref-type="fig"}B; lanes A, G and AG), whereas a ∼77-nt product was generated in reactions containing dTTP ([Figure 1](#gks983-F1){ref-type="fig"}B; lanes T and AGT). These results support the expectations, based on the Ty1 sequence, that thymidine is the first nucleotide added to PBS-bound tRNA-Met~i~, and reverse transcription does not initiate from other primer(s) aberrantly hybridized to alternative sites on the Ty1 genome. Similarly, a ∼113-nt product consistent with tRNA extended by 37 nt was generated in the presence of dATP, dGTP and dTTP, but lacking dCTP ([Figure 1](#gks983-F1){ref-type="fig"}B; lane AGT). Again, this result is consistent with DNA synthesis primed by tRNA hybridized to the PBS, where dCTP is first incorporated 38 nt from its 3′ terminus. Together, these results demonstrate that in the majority of VLPs, tRNA extension products are not randomly distributed and unextended tRNA is present.

SHAPE profiles of the PBS region within CNC− and CNC+ VLPs were very similar ([Figure 1](#gks983-F1){ref-type="fig"}C), despite the strong replication defect of CNC+ VLPs. These results indicate that most RNAs from CNC− and CNC+ VLPs share similar structures in their PBS region, and they are not actively being reversed transcribed. In addition, although a strength of SHAPE is discrimination between flexible regions resulting from loops, bulges and junctions in RNA and inflexible double-stranded or protein bound regions \[see review ([@gks983-B27])\], we found no evidence for extensive annealing between the AS transcripts and the PBS region. As expected, Ty1 sense/antisense dsRNA formed *in vitro* was non-reactive towards NMIA ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)).

Model of PBS/tRNA complex in Ty1 VLP
------------------------------------

Two structural models for the Ty1 PBS region have been reported, based on enzymatic probing, computational and mutational analyses ([@gks983-B13],[@gks983-B15]). These models differ in one critical respect, where the same stretch of nucleotides in Ty1 RNA is proposed to interact either with tRNA-Met~i~ (Box 2.1) ([@gks983-B13]) or with the 3′-terminus (CYC3) ([@gks983-B15]), effectively cyclizing the Ty1 genome. To generate a comprehensive model of the PBS region, we analysed the PBS/tRNA structure *in vitro* by heat-annealing an RNA that mimics tRNA-Met~i~ to full-length RNA synthesized through transcription *in vitro*. Formation of the Ty1 RNA/tRNA complex was confirmed by differences in NMIA modification patterns between Ty1 RNA hybridized to the tRNA-Met~i~ mimic and Ty1 RNA alone ([Figure 2](#gks983-F2){ref-type="fig"}A). The most pronounced differences are in regions (I) and (II). Specifically, nucleotides 105--107, which were unreactive in the absence of tRNA ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)), gain reactivity in the complex, whereas nucleotides 151--155 became unreactive. Box 0 and 2.1 interactions were observed in our *in vitro* complex ([Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)), consistent with a previous model showing an extended interaction between Ty1 RNA and tRNA outside the 10 nt PBS ([@gks983-B13],[@gks983-B35]). Figure 2.Structural analysis of the Ty1 PBS region. (**A** and **B**) NMIA reactivity plots of ribonucleotides in the PBS region of *in vitro* transcribed, full-length Ty1 RNA hybridized to tRNA (green), in comparison with that obtained from (A) the same RNA folded in the absence of tRNA (violet), or (B) CNC− VLPs *in virio* (red). Nucleotide positions corresponding to PBS, Box 0 and Box 1 ([@gks983-B13],[@gks983-B35]) are marked (grey, dashed line). Regions displaying significant changes between each state are noted (I), (II), (III). (**C**) Model of Ty1 PBS region structure within VLPs. The CYC3 region ([@gks983-B15]) of the Ty1 genomic RNA is noted (violet).

In contrast, the NMIA modification pattern of the same complex from CNC− VLPs was strikingly different ([Figure 2](#gks983-F2){ref-type="fig"}B). Although the region encompassing the PBS and Box 0 showed reactivities similar to the *in vitro* complex, confirming tRNA hybridization, significant differences were observed downstream of Box 1 \[[Figure 2](#gks983-F2){ref-type="fig"}B, (II) and (III)\]. Nucleotides 153--155, which were hybridized to tRNA *in vitro*, were reactive *in virio*, whereas nucleotides 158--161, which were reactive *in vitro*, became constrained *in virio*. *In virio* reactivity patterns suggest a model where tRNA-Met~i~ not only hybridizes with the Ty1 PBS but also occludes additional nucleotides downstream of this region ([Figure 2](#gks983-F2){ref-type="fig"}C; bottom panel). Also, the Box 2.1 interaction proposed by Friant *et al.* ([@gks983-B13],[@gks983-B35]) was not confirmed, and the CYC3/CYC5 motif is present.

Structure of the CNC region
---------------------------

To characterize the functional and structural organization of Ty1 RNA and address whether AS transcripts anneal with the CNC region, which contains nucleotides 136--1702 of Ty1 DNA ([@gks983-B23]), genomic RNA was modified with NMIA within CNC− and CNC+ VLPs (*in virio*) and in the protein-free state (*ex virio*) after gentle extraction from purified CNC− VLPs. In parallel, we determined the structure of the *in vitro* transcript ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)).

The structure of a 440-nt segment of Ty1 RNA, based on an *in silico* structure prediction and mutational analysis, has been reported ([@gks983-B20]), whereas our analysis was conducted on full-length Ty1 RNA (∼5.6 kb). The structure we obtained for the first 440 nt in the context of the full-length genome folded *in vitro* was similar ([@gks983-B20]). However, significant differences arose when we determined the *in virio* conformation ([Figure 3](#gks983-F3){ref-type="fig"}). In addition to extensive changes in the PBS region, we detected a novel pseudoknot structure where nucleotides 1--7 and 256--262 pair with nucleotides 264--270 and 319--325, respectively. Although this pseudoknot was previously undetected, such a structure is supported by extensive mutational analyses that affect reverse transcription and transposition (Huang *et al.*, submitted for publication) ([@gks983-B20]). When these mutants are combined with compensatory changes, retrotransposition is restored. Figure 3.RNA secondary structure of the nucleotides 1--1482 of Ty1 genomic RNA (CNC region) in VLPs. This model is based on SHAPE constraints derived from the protein-free state (*ex virio*) (see 'Materials and Methods' section). Colour-coding corresponds to *in virio* reactivities. Positions (diamonds) within the first 500 nt of Ty1 genomic RNA where reactivity differs in the protein-bound and -free states are marked (blue: increased, grey: decreased). The following regions are annotated: PAL sequences, including reciprocal interstrand interactions (green), and cyclization mediated by CYC5 and CYC3 (violet).

This pseudoknot structure was absent from *in vitro* transcribed full-length Ty1 RNA. Unreactive nucleotides 256--262, which *in virio*constitute part of the pseudoknot, were highly reactive *in vitro* ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)). Although Mg^2+^ has been demonstrated as important for tertiary folding ([@gks983-B36]), the Ty1 pseudoknot within full-length Ty1 RNA *in vitro* failed to fold in the presence of Mg^2+^, despite raising the divalent cation concentration to 25 mM.

Hierarchical folding is specific for some RNAs ([@gks983-B37]), but formation of tertiary structure can also change the fold achieved during transcription ([@gks983-B38]). We investigated the possibility that the conformational change following tRNA hybridization to the PBS facilitated pseudoknot formation within the full-length Ty1 transcript. Although we failed to observe reactivity changes in the pseudoknot region *in vitro* in the presence of the tRNA mimic, the *in vitro*assembled complex differs from that present *in virio* ([Figure 2](#gks983-F2){ref-type="fig"}). In particular, the CYC3/CYC5 interaction is absent, raising the possibility that this interaction is required to maintain a specific 3D architecture governing proper pseudoknot folding within the full-length transcript. Protein-mediated RNA chaperone activity may also be involved in this process.

We noted differences between the *in vitro* and *in virio*states in three regions containing PAL sequences, namely nucleotides 15--20 (PAL1), 24--29 (PAL2) and 423--428 (PAL3) ([Figure 3](#gks983-F3){ref-type="fig"}). The NMIA reactivity pattern *in vitro* is consistent with these intramolecular structures. A hairpin structure with a 5-nt apical loop reflects intramolecular PAL1/PAL2 annealing, whereas PAL3 is involved in forming a hairpin stem with nucleotides 408--413 ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)). The intramolecular character of these structures is supported by native polyacrylamide gel electrophoresis analyses showing the Ty1 RNA transcript is monomeric under our NMIA probing conditions. However, changes in NMIA reactivity observed in native VLPs support the model where the PALs are involved in intermolecular interactions. Only U residues in the -U-C-U- sequence (nucleotides 21--23) separating PAL1 and PAL2 are reactive *in virio* ([Figure 3](#gks983-F3){ref-type="fig"}). PAL3 remains unreactive *in virio*, whereas reactivity of its counterpart increases significantly. As NMIA sensitivity of neighbouring nucleotides remains unaffected, arguing against a global alteration in secondary structure, the observed changes may reflect intermolecular interaction. Self-complementary sequences are involved in dimerization of retroviral genomes \[reviewed in ([@gks983-B16])\], and although Ty1 RNA was shown to be dimeric in VLPs ([@gks983-B5]), its DIS remains undefined. Interestingly, PAL1 and PAL2 are comprised of tandem repeats. For murine leukaemia virus, tandem -U-C-U-G- motifs are critical for packaging ([@gks983-B39; @gks983-B40; @gks983-B41]). Therefore, the PAL motifs are attractive candidates for mediating Ty1 RNA dimerization and packaging into VLPs.

As the region mediating Ty1 translational frameshifting is conserved in the *in vitro* and *in virio*states, we examined it for stable structures that influence translational recoding in viral systems \[reviewed in ([@gks983-B42])\]. Ty1 +1 frameshifting requires the *GAG* heptamer -C-U-U-A-G-G-C- ([@gks983-B43],[@gks983-B44]). Our structural analysis ([Figure 3](#gks983-F3){ref-type="fig"}) showed this sequence is not embedded within a particularly stable structure. Therefore, our model supports the extensive mutational analyses of the heptameric sequence, suggesting that Ty1 frameshifting does not require a specific RNA structure.

Finally, the overall structure of the *in virio* RNA from CNC− and CNC+ VLPs was similar throughout the CNC region ([Supplementary Data set S1](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)), again indicating a lack of extensive annealing between the AS transcripts and genomic RNA.

Protein interaction sites on the Ty1 RNA genome
-----------------------------------------------

By comparing the protection of Ty1 genomic RNA from chemical modification *in virio* and *ex virio*, we explored RNA sequences and/or structural motifs that might interact with Gag or possibly other proteins. We demonstrated that *in vitro* transcribed full-length Ty1 RNA displayed different structural characteristics than *in virio* RNA. Therefore, Ty1 RNA was extracted from VLPs and modified in the protein-free state. Median reactivity, reflecting levels of flexibility, was lower with *in virio*(0.29) than with *ex virio* (0.32) RNA. This smaller-than-anticipated difference resulted in part from the fact that local nucleotide flexibility decreases and increases in distinct RNA regions after removal of proteins ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)). Alterations detected in these different biological states can reflect local structural changes and the effects of direct binding of proteins to the RNA. We observed prominent changes in reactivity (*P* \< 3.844e-06) within ∼500 nt adjacent to the RNA 5′-end ([Figure 4](#gks983-F4){ref-type="fig"}A), whereas differences in the remainder of the CNC region were not significant (*P* = 0.933). This result indicates that disrupting RNA--protein interactions impacts mainly the 5′-end of Ty1 RNA. Median reactivities for nucleotides 1--500 and 501--1482 *in virio* ([Figure 4](#gks983-F4){ref-type="fig"}B) were 0.22 and 0.32, respectively, whereas the corresponding values *ex virio* were 0.32. These results raise the possibility that Ty1 Gag is required to stabilize the 5′-end of the genome. Furthermore, the 5′-end of Ty1 RNA may contain the major recognition signals for dimerization, packaging and initiating replication, extending observations that first 380 nt are required in *cis* for transposition ([@gks983-B20],[@gks983-B21]). Figure 4.Effects of protein binding on Ty1 RNA structure. (**A**) Median reactivities for the CNC region of Ty1 RNA *in virio* (red) and *ex virio* (blue) calculated for a rolling window of 155 nt. (**B**) Analysis of reactivity distributions for +1--500 nt (left) and +501--1482 (right). Boxes outline the middle 50% of each data set with medians (bar) and outliers (circles) shown. (**C**and**D**) Reactivity plots of *in virio* CNC− Ty1 RNA (red) in comparison with (C) *ex virio* CNC− RNA (blue) and (D) *in virio*CNC+ (black). Regions showing increased reactivity in *ex virio*CNC− RNA or *in virio* CNC+ RNA are boxed.

We examined the 5′-end in more detail, as the functions of this region are likely carried out by the interplay of RNA structure and protein recognition. The overall reactivity profile was comparable for RNA in VLPs and in the protein-free state ([Figure 4](#gks983-F4){ref-type="fig"}C), arguing against the notion that removal of proteins results in a global structural change. Several regions displayed small but reproducible reactivity differences spanning several consecutive nucleotides. In particular, nucleotides within specific sites ([Figure 4](#gks983-F4){ref-type="fig"}C; boxed regions) showed highly significant (*P* \< 8.218e-06) increases in susceptibility to acylation *ex virio*. Those motifs were located in double stranded regions, with two sites on opposite strands of the helical region adjacent to the PBS. A strong effect was observed in the pseudoknot and in PAL1 and PAL2. Comparing *in vitro* and *in virio* SHAPE profiles pointed to the 6-nt PAL sequences as possibly mediating intermolecular interactions. PAL instability *ex virio* also suggests these motifs participate in intermolecular interactions. Whether the alterations in Ty1 RNA SHAPE reactivity *ex virio* result from previous chaperone activity remains to be determined. However, it is well known that retroviral NC can help form stable RNA structures that persist when the NC is removed ([@gks983-B15],[@gks983-B45]).

Regions destabilized in CNC− RNA *ex virio* are destabilized in CNC+ RNA *in virio*, despite its presence within VLPs ([Figure 4](#gks983-F4){ref-type="fig"}D; boxed). The exception is a region preceding the PBS, which could reflect an interaction with factors required for reverse transcription. As the most abundant VLP ligand is Gag, we hypothesize that the destabilization reflects interactions between Gag and Ty1 RNA. However, possible alterations in Gag--RNA binding did not change the diameter of CNC+ VLPs, as determined by electron microscopy ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)). Examination of NMIA reactivity profiles from CNC− and CNC+ VLPs revealed that the sequence -A-U-G-A-U-G-A- at all three positions in the CNC region showed higher reactivity in CNC+ VLPs ([Figure 5](#gks983-F5){ref-type="fig"}A). NMIA sensitivity in those regions was also altered in CNC− RNA *ex virio*, strengthening the idea that RNA/protein interactions are critical for Ty1AS RNA-mediated interference. Figure 5.Impact of Ty1AS RNA. (**A**) Reactivity plots of *in virio* CNC− Ty1 RNA (red) in comparison with *in virio* CNC+ (black) for the regions encompassing the A-U-G-A-U-G-A heptameric sequence (nucleotides 324--330, 697--703, 1409--1415; dashed rectangles). (**B**) Ty1 genomic RNA (denoted mRNA) and AS RNA protection. Whole-cell extracts from strains YEM524 (CNC−) and YEM525 (CNC+) were spiked with *in vitro* transcribed Ty1 sense RNA from the CNC region (∼1.5 kb). Equal aliquots were incubated with (+) or without (−) the nuclease benzonase. RNA extracted from each sample was subjected to northern analysis using ^32^P-labelled RNA probes specific for genomic RNA and the added sense RNA or AS RNA I and II. Protection is expressed as a ratio of treated to untreated RNA.

Impact of Ty1AS RNAs
--------------------

Ty1AS transcripts may target genomic RNA, as these non-coding RNAs specifically associate with VLPs ([@gks983-B23]). If Ty1AS RNAs anneal with Ty1 genomic RNA, the reactivity profile of Ty1 RNA would be drastically altered in CNC+ VLPs. The PBS region is a plausible target for Ty1AS RNAs because of defects in reverse transcription, and the PBS is covered by the AS transcripts. However, SHAPE profiles of the PBS region of CNC− and CNC+ VLPs were similar ([Figure 1](#gks983-F1){ref-type="fig"}C), indicating that Ty1AS RNAs do not extensively anneal with the Ty1 PBS in CNC+ VLPs. Furthermore, the *in virio* structure throughout the CNC region is similar for both types of VLPs ([Figure 3](#gks983-F3){ref-type="fig"} and [Supplementary Data set S1](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)).

If AS transcripts anneal with localized regions of genomic RNA or interact stoichiometrically with the RNA, the AS RNAs should be present in an equivalent molar amount as genomic RNA and should be specifically packaged into the VLPs. The molar amounts of genomic RNA and AS RNAs I and II in samples of CNC+ VLPs were estimated by quantitative northern analysis, using known amounts of *in vitro* synthesized sense and antisense RNAs ([Supplementary Figure S7A](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1) and [B](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)). If we assume that all Ty1 RNA in VLPs is dimeric ([@gks983-B5]), and account for a putative RNA degradation product present in the preparations from VLPs, the CNC+ sample contains ∼3.5 fmol of dimeric Ty1 RNA ([Supplementary Figure S7C](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1)). Conversely, the CNC+ VLP sample contained ∼1.1 and 1.6 fmol of AS RNA I and II, respectively. As these transcripts are apparently required to inhibit transposition and confer CNC ([@gks983-B23]), it is unlikely that both transcripts are present in every VLP.

To monitor packaging of Ty1 RNA and AS transcripts, cellular extracts containing CNC− or CNC+ VLPs were treated with benzonase ([Figure 5](#gks983-F5){ref-type="fig"}B), a non-specific endonuclease that degrades RNA and DNA ([@gks983-B32],[@gks983-B46]). Total VLP RNA was subjected to northern blot analyses using strand-specific probes to detect Ty1 RNA or the AS RNAs. Hybridization signals were normalized to mock-treated samples treated in parallel. Benzonase activity was monitored by degradation of a Ty1 sense RNA synthesized *in vitro* and added to the CNC− extract. The level of protected AS transcripts (18%) decreased at least 2-fold relative to protection of Ty1 genomic RNA (39%) in the CNC+ strain. In addition, the level of protected mRNA decreased ∼1.5-fold in the CNC+ strain (39%) when compared with the CNC− strain (58%). These results indicate that the AS RNAs become more susceptible to degradation than the genomic RNA in the CNC+ strain, and raise the possibility that although the AS RNAs specifically associate with the VLPs ([@gks983-B23]), these transcripts may not interact with Gag or other Ty1 proteins in the same way as the genomic RNA. Our results also reinforce the idea that AS RNAs target another Ty1 product, such as Gag.

CONCLUSIONS
===========

We provide the first structure for ∼1.5 kb of Ty1 genomic RNA under several different biological states. The *in virio* structure of a ∼900 nt portion of HIV-1 genomic RNA ([@gks983-B47]) and the structure of full-length *ex virio* RNA ([@gks983-B26]) has been reported. Although several important observations arose from those studies, comparing two evolutionarily distant relatives that undergo similar RNA transactions should also help understand replication strategies of both retroelement classes. In particular, retroviral genome cyclization ([@gks983-B48]) may stimulate strand-transfer and is required for HIV-1 replication ([@gks983-B49; @gks983-B50; @gks983-B51]). However, the structure reported for HIV-1 genomic RNA lacks cyclization motifs ([@gks983-B26]). Perhaps the Ty1 cyclization domains can be used to help identify their HIV-1 counterpart, once more is known about the Ty1 packaging and dimerization signals, which may reside in the newly discovered PAL or pseudoknot motifs. Furthermore, we investigated a unique antisense RNA strategy for CNC ([@gks983-B23]). In light of the observation that *Saccharomyces cerevisiae* and close congeners have lost the conserved RNAi pathways to silence endogenous transposons ([@gks983-B24]), this process is even more intriguing. Our data support a novel mechanism where AS RNAs do not anneal with genomic RNA in VLPs but interfere with protein functions before reverse transcription.
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[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks983/DC1) are available at NAR Online: Supplementary Table 1, Supplementary Figures 1--7, Supplementary Materials and Methods, Supplementary Data set 1 and Supplementary References \[52--57\].
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